The nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway is one of the primary pathways responsible for the cellular defense system against oxidative stress. Oxidative stress-induced apoptosis is a causal event in diabetic embryopathy. Thus, the Nrf2 pathway may play an important role in the induction of diabetic embryopathy. In the present study, we investigated the potentially protective effect of the Nrf2 activator, vinylsulfone, on high glucose-induced cellular stress, apoptosis, and neural tube defects (NTDs). Embryonic day 8.5 (E8.5) whole mouse embryos were cultured in normal (5 mmol/L) or high (16.7 mmol/L) glucose conditions, with or without vinylsulfone. At a concentration of 10 mmol/L, vinylsulfone had an inhibitory effect on high glucose-induced NTD formation, but it was not significant. At a concentration of 20 mmol/L, vinylsulfone significantly reduced high glucose-induced NTDs. In addition, 20 mmol/L vinylsulfone abrogated the high glucose-induced oxidative stress markers lipid hydroperoxide (LPO), 4-hydroxynonenal (4-HNE), and nitrotyrosine-modified proteins. The high glucose-induced endoplasmic reticulum (ER) stress biomarkers were also suppressed by 20 mmol/L vinylsulfone through the inhibition of phosphorylated protein kinase RNA-like ER kinase (PERK), inositol requiring protein 1a (IRE1a), eukaryotic initiation factor 2a (eIF2a), upregulated C/EBP-homologous protein (CHOP), binding immunoglobulin protein (BiP), and x-box binding protein 1 (XBP1) messenger RNA splicing. Furthermore, 20 mmol/L vinylsulfone abolished caspase 3 and caspase 8 cleavage, markers of apoptosis, in embryos cultured under high glucose conditions. The Nrf2 activator, vinylsulfone, is protective against high glucose-induced cellular stress, caspase activation, and subsequent NTD formation. Our data suggest that vinylsulfone supplementation is a potential therapy for diabetes-associated neurodevelopmental defects.
Introduction
Preexisting maternal diabetes adversely impacts embryonic development by significantly increasing the risk of neural tube defects (NTDs). [1] [2] [3] Evidence from clinical and experimental studies [4] [5] [6] [7] [8] [9] [10] [11] [12] reveals that hyperglycemia enhances reactive oxygen species (ROS) generation and concomitantly inhibits endogenous antioxidant expression, leading to oxidative stress. Our studies and those of others have shown that hyperglycemiainduced oxidative stress causes endoplasmic reticulum (ER) stress, which triggers cell apoptosis in the developing neuroepithelium, ultimately leading to NTD formation. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Animal studies have shown that a variety of antioxidants can suppress hyperglycemia-induced NTDs both in vivo and in vitro. 17, 21, [27] [28] [29] [30] [31] [32] [33] For example, multivitamins ameliorate maternal diabetes-induced NTD formation in rodent models. 29 In addition, using rodent models, we have revealed the protective effects of several natural compounds against maternal diabetes-induced NTDs. 21, 28, 31 However, multivitamins fail to reduce maternal diabetes-induced birth defects in humans, 32, 34, 35 and the protective effects of other naturally occurring compounds in human pregnancy have yet to be confirmed. Therefore, new therapeutics that inhibit oxidative stress and prevent NTDs in human pregnancy need to be developed.
The nuclear factor erythroid 2-related factor 2 (Nrf2) and its negative regulator, Kelch-like ECH-associated protein 1 (Keap1), are important cellular defense mechanisms for combating oxidative stress. 36 The Nrf2 regulates environmental stress response by inducing expression of antioxidant enzyme genes such as heme oxygenase 1 (HO-1), NAD(P)H quinine oxidoreductase 1 (NGC1), and glutamatecysteine ligase (GCL). [37] [38] [39] A previous study has demonstrated that overexpression of Nrf2 dramatically inhibits hypertrophic factorinduced ROS production in both cardiomyocytes and cardiac fibroblasts, while knockdown of Nrf2 exerts opposite effects in both cells. 40 Another study showed that Nrf2 signaling is involved in the induction of an antioxidant response in ethanol-exposed embryos. 10 Additionally, others have observed that diabetic downregulation of Nrf2 activity contributes to oxidative stress-induced insulin resistance in cardiac cells in vivo and in vitro. 41 More recently, attention has focused on identifying small molecular activators of the Nrf2/Keap1 pathway, including sulforaphane in cruciferous vegetables, caffeic acid phenethylester in bee propolis, 42 cinnamic aldehyde in cinnamon bark, 43 and bardoxolone methyl which is currently being explored to treat type 2 diabetes. 44 Many of these pathway activators have shown promising results relevant to diabetic complications. 31, 45 Taken together, these observations indicate that Nrf2 activators may be ideal therapeutic candidates for preventing diabetic embryopathy.
We and others have demonstrated that oxidative stress, subsequent ER stress, and aberrant apoptosis in developing embryos lead to NTDs. [1] [2] [3] In the present study, we utilized a cell-permeable Nrf2 activator, vinylsulfone, 46 which can effectively induce overall Nrf2 cellular accumulation and nuclear translocation to assess its effect on NTD formation in mouse embryos cultured under high glucose conditions. We further revealed the impact of vinylsulfone on high glucose-induced cellular stress and apoptosis.
Materials and Methods

Animals and Whole-Embryo Culture
Wild-type C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, Maine). The procedures for animal use were approved by the University of Maryland School of Medicine Institutional Animal Care and Use Committee.
The procedure of whole-embryo culture has been described previously. 21 Briefly, C57BL/6J mice were paired overnight. The next morning was designated embryonic day 0.5 (E0.5) if a vaginal plug was present. Mouse embryos at E8.5 were dissected out of the uteri in phosphate-buffered saline (Invitrogen, La Jolla, California). The parietal yolk sac was removed using a pair of fine forceps, and the visceral yolk sac was left intact. Embryos (4 per bottle) were cultured in 25% Tyrode salt solution (Sigma, St Louis, Missouri) and 75% rat serum freshly prepared from male rats. The embryos were cultured at 37 C with 30 rpm rotation in a roller bottle system. The culture bottles were gassed 5% O 2 /5% CO 2 /90% N 2 for the first 24 hours and at 20% O 2 /5% CO 2 /75% N 2 for the last 12 hours. Embryos were cultured for 24 or 36 hours with 5 mmol/L of glucose, a value close to the blood glucose level of nondiabetic mice, or 16.7 mmol/L of glucose, which is equivalent to the blood glucose level of diabetic mice, in the presence or absence of Nrf2 activator vinylsulfone (Millipore, Bedford, Massachusetts).
We used 0, 10, and 20 mmol/L of vinylsulfone in the whole embryo culture experiments. Embryos dissected from the visceral yolk sac after 24 hours were used for biochemical and molecular analyses. Embryos dissected from the visceral yolk sac after 36 hours were examined under a Leica MZ16F stereomicroscope (Leica Microsystems, Bannockburn, Illinois) to identify embryonic malformations. Images of the embryos were captured by a DFC420 5 MPix digital camera (Leica Microsystems). Normal embryos were classified as possessing a completely closed neural tube and no evidence of other malformations. Malformed embryos were classified as showing evidence of failed neural tube closure or an NTD. The NTDs were verified by histological sections.
Hematoxylin-Eosin Staining
Embryos were fixed in methacarn (methanol, 60%; chloroform, 30%; glacial acetic acid, 10%), embedded in paraffin and cut into 8-mm sections. After deparaffinization and rehydration, all specimens then underwent hematoxylin and eosin staining in a standard procedure.
Lipid Hydroperoxide Quantification
The degree of lipid peroxidation was quantitatively assessed by the lipid hydroperoxide (LPO) assay, using the Calbiochem LPO assay kit (Millipore) and following the manufacturer's instructions as described previously. 21 Briefly, embryos cultured for 24 hours under normal and high glucose conditions, with and without increasing concentrations of vinylsulfone, were homogenized in high-performance liquid chromatography-grade water. The LPO of the embryonic tissue was extracted by deoxygenated chloroform, and then measured by the absorbance of 500 nm after reacting with chromogen. The results were expressed as mmol/L LPO per mg protein. Protein concentrations were determined by the BioRad DC protein assay kit (Hercules, California).
Detection of x-Box Binding Protein 1 Messenger RNA Splicing
The messenger RNA (mRNA) of x-box binding protein 1 (XBP1) was extracted from 24-hour cultured embryos and reverse transcribed using the QuantiTect reverse transcription kit (Qiagen, Frederick, Maryland). The polymerase chain reaction (PCR) primers for XBP1 were as follows: forward, 5' GAACCAGGAGTTAAGAACACG-3' and reverse, 5'-AGG-CAACAGTGTCAGAGTCC-3'. The mRNA splicing was detected by running a sucrose gel. If no XBP1 mRNA splicing occurred, a 205-base pair (bp) band was produced. When XBP1 splicing occurred, a 205-bp band and a 179-bp main band were produced.
Immunoblotting
Equal amounts of protein from cells were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto Immunobilon-P membranes (Millipore). Membranes were incubated in 5% nonfat milk for 1 hour, followed by incubation for 18 hours at 4 C with the following primary antibodies: phosphorylated protein kinase RNA-like ER kinase (p-PERK), PERK, phosphorylated eukaryotic initiation factor 2a (p-eIF2a), eIF2a, inositol requiring protein 1a (IRE1a; Cell Signaling Technologies, Danvers, Massachusetts), phosphorylated IRE1a (p-IRE1a; Abcam, Cambridge, Massachusetts), caspase 3, caspase 8, nitrotyrosine, and 4-hydroxynonenal (4-HNE; Millipore). Membranes were then exposed to horseradish peroxidase-conjugated goat antirabbit or antimouse secondary antibodies. To confirm that equivalent amounts of protein were loaded among the samples, membranes were stripped and probed with a mouse antibody against b-actin (Abcam). Signals were detected using the SuperSignal West Femto Maximum Sensitivity Substrate kit (Thermo Scientific, Waltham, Massachusetts). All experiments were repeated 3 times with the use of independently prepared cell lysates.
Statistical Analyses
Data are presented as means + standard error of the mean. Embryonic samples from each replicate were from different dams. Statistical differences were determined by 1-way analysis of variance (ANOVA) using SigmaStat 3.5 software (Systat Software Inc, San Jose, California). In 1-way ANOVA, Tukey test was used to estimate the significance of the results (P < .05). The w 2 test was used to estimate the significance of the NTD rates.
Results
The Nrf2 Activator, Vinylsulfone, Ameliorates High Glucose-Induced NTDs
Mouse embryonic neurulation occurs from E8.5 through E10.5. Therefore, we harvested E8.5 mouse embryos and cultured them under normal (5 mmol/L) or high (16.7 mmol/L) glucose conditions, with or without 10 or 20 mmol/L of vinylsulfone. The NTD incidence of embryos cultured under high glucose conditions was significantly higher than that of embryos cultured under normal glucose conditions (Table 1, Figure 1A ). Treatment with 10 mmol/L vinylsulfone slightly reduced NTD formation in embryos cultured under high glucose conditions but not significantly (Table 1, Figure 1A ). However, the NTD incidence of embryos exposed to high glucose was significantly reduced by treatment with 20 mmol/L vinylsulfone, compared to that of embryos without vinylsulfone treatment (Table 1, Figure 1A) . Therefore, we used 20 mmol/L vinylsulfone in our subsequent experiments. We also treated the cultured embryos with 20 mmol/L vinylsulfone under normal glucose (5 mmol/L) conditions but did not observe a significant change in NTD incidence (Table 1, Figure 1A ).
Vinylsulfone Inhibits High Glucose-Induced Oxidative Stress and Nitrosative Stress
In the developing embryo, maternal diabetes induces ROS production, which results in oxidative stress and induces lipid peroxidation. [1] [2] [3] 27 Additionally, ROS can react with iNOSinduced nitric oxide to generate reactive nitrogen species (RNS), which cause nitrosative stress. [1] [2] [3] 47 To explore whether vinylsulfone treatment could ameliorate high glucose-induced oxidative and nitrosative stress in cultured embryos, we measured LPO levels, the lipid peroxidation marker 4-HNE, and nitrotyrosine-modified proteins.
High glucose significantly increased the levels of LPO, 4-HNE, and nitrotyrosine-modified proteins in cultured embryos ( Figure 1B, C, and D) . Treatment with 20 mmol/L vinylsulfone blocked high glucose-increased LPO, 4-HNE, and nitrotyrosine-modified protein levels ( Figure 1B, C and D) . These findings suggest that vinylsulfone suppresses high glucose-induced oxidative and nitrosative stress.
Vinylsulfone Abrogates High Glucose-Induced ER Stress
Maternal diabetes has been shown to cause ER stress in the embryo, specifically in the neuroepithelium, which is associated with hyperglycemia-induced NTDs. 18, 20, 23, 24 To determine whether vinylsulfone reduces high glucose-induced ER stress in cultured embryos, we measured the following ER stress markers: p-PERK, p-IRE1a, p-eIF2a, C/EBPhomologous protein (CHOP), and binding immunoglobulin protein (BiP; Figure 2 ). In whole embryo culture, vinylsulfone treatment abrogated high glucose-induced ER stress markers (Figure 2 ).
XBP1 mRNA splicing is a robust ER stress marker. To test whether vinylsulfone could prevent high glucose-induced XBP1 mRNA splicing, we analyzed XBP1 splicing through reverse transcription PCR. Cultured embryos exposed to high glucose exhibited robust splicing of XBP1 mRNA, resulting in 2 bands at 205 and 179 bp from the PCR products, whereas the normal glucose group showed no XBP1 splicing, with 1 band of 205 bp ( Figure 3 ). Vinylsulfone treatment diminished XBP1 splicing ( Figure 3 ). These results demonstrate that vinylsulfone significantly reduces high glucose-induced ER stress in cultured embryos.
Vinylsulfone Blocks High Glucose-Induced Caspase Activation
Maternal diabetes induces severe ER stress in the developing embryo, and ER stress causes apoptosis in the developing neuroepithelium, which leads to NTD formation. [1] [2] [3] To ascertain whether vinylsulfone suppresses high glucose-induced apoptosis in cultured embryos, we assessed caspase 3 and caspase 8 cleavage, markers of apoptosis. High glucose increased the abundance of both cleaved caspase 3 and caspase 8, whereas vinylsulfone blocked high glucose-induced caspase cleavage (Figure 4) .
Discussion
In the present study, we demonstrated that the Nrf2 activator vinylsulfone can reduce high glucose-induced NTD formation, oxidative stress, nitrosative stress, ER stress, and apoptosis in cultured embryos. We showed that vinylsulfone inhibits oxidative and nitrosative stress by reducing levels of LPO, 4-HNE, and nitrotyrosine-modified proteins in embryos cultured under high glucose. Vinylsulfone treatment also blocked high glucose-induced ER stress markers p-PERK, p-eIF2a, pIRE1a, CHOP, and BiP. Consequently, high glucose-induced apoptosis and NTD formation were ameliorated by vinylsulfone.
Nrf2 is a nuclear transcription factor that induces gene expression of detoxifying enzymes and antioxidant proteins. Nrf2 signaling is a key mechanism for cellular protection and cell survival. 37, 48, 49 Under normal cellular conditions, Nrf2 is bound to its inhibitor, Keap1. Keap1 is an adapter for the Cullin3/Ring Box1 (Cul3/Rbx1) E3 ubiquitin ligase complex, which ubiquitinates and degrades Nrf2. [50] [51] [52] Under cellular stress conditions, Nrf2 dissociates from the Keap1 complex, stabilizes, translocates into the nucleus, and activates antioxidant response element (ARE)-mediated gene expression. [53] [54] [55] [56] Experimental evidence supports the hypothesis that oxidative stress is involved in the etiology of diabetic complications, including diabetic embryopathy. [1] [2] [3] Maternal diabetes induces oxidative and nitrosative stress in the developing embryo by increasing ROS production and inhibiting endogenous antioxidant activity.
1-3 Because a previous study showed that diabetes contributes to oxidative stress in adult cardiomyocytes by downregulating Nrf2 activity, 41 we hypothesize that activating Nrf2 can inhibit oxidative stress in our diabetic embryopathy model. We propose that Nrf2 signaling is suppressed under high glucose conditions and that by adding an exogenous Nrf2 activator, such as vinylsulfone, Nrf2 signaling is restored and its downstream antioxidant genes are expressed and ameliorate hyperglycemia-induced ROS, RNS, and NTDs.
High glucose-induced oxidative stress and ER stress lead to apoptosis in neuroepithelial cells and consequent NTD formation. 18, 24 We have demonstrated that maternal diabetesinduced embryonic neuroepithelial cell apoptosis is caspase 3 and caspase 8 dependent. 24 Here we showed that vinylsulfone blocks high glucose-induced apoptosis in embryos. This may be due to upregulation of the ER-resident antioxidant enzymes, Prx4, GPx7, and GPx8, by Nrf2 but more studies are needed to determine the exact mechanism of action.
49
Nrf2 appears to play a cytoprotective role against oxidative stress in a wide array of degenerative and immunological illnesses. 48, 49, 56 Therefore, the development of agents that activate the Nrf2/Keap1/ARE signaling pathway has been of great interest. 57 The most well-known Nrf2 activators used in complementary medicine include sulforaphane, resveratrol, curcumin, cinnamic aldehyde, and pterostilbene. 58 The therapeutic potential of Nrf2 activators in diabetic complications has been indicated in many experiments in animal models and in human trials. 58 For example, one group found that sulforaphane improved the metabolic profile and reduced renal injury in mice with streptozotocin-induced diabetes. 45 However, sulforaphane is not an ideal therapeutic for people because it can also target other proteins that could potentially cause damage. 58 In a clinical study, curcumin effectively reduced the number of prediabetic individuals who progressed toward type 2 diabetes mellitus. 59 However, dietary curcumin is poorly absorbed by the digestive system and undergoes glucuronidation and excretion before it is released into the systemic circulation, thereby exhibiting a limited protective effect. 60 Other Nrf2 activators, such as bardoxolone methyl and tert-butylhydroquinone, have similar adverse effects in clinical trials, although they had promising outcomes in preclinical studies. 43, [61] [62] [63] Vinylsulfone is a chalcone derivative, in which a vinylsulfone group is introduced to the a, b-unsaturated carbonyl entity of chalcone. 46 Chalcones are an important group of natural compounds that are abundantly present in fruits (citruses and apples), vegetables (tomatoes, shallots, bean sprouts, and potatoes), and spices such as licorice. 64 Chalcone derivatives are being investigated for the development of efficient drugs for the treatment of several dreadful diseases such as cancer, diabetes, HIV, tuberculosis, and malaria. 65 It has been demonstrated that vinylsulfone protects neurons of the brain in an animal models of Parkinson disease. 46 Therefore, vinylsulfone is able to cross the blood-brain barrier. Although there is no direct evidence that chalcone derivates can across the placenta barrier and reach the fetus, chalcone derivatives inhibit adenosine triphosphate-binding cassette transporters, which are expressed in the placenta barrier. [66] [67] [68] Therefore, it is likely that chalcone derivatives including vinylsulfone may be able to across the placenta and protect the fetus.
Here, we tested a new cell-permeable Nrf2 activator, vinylsulfone, which was developed in the laboratory, specifically targeting Nrf2 through its 2'-methoxy group and has demonstrated minimal toxicity in animals. 46 Our findings are among the first to demonstrate that vinylsulfone possesses therapeutic potential for maternal diabetes-induced birth defects, including NTDs. However, the therapeutic potential of this Nrf2 activator needs to be further confirmed in animal studies before we can consider clinical trials for prospective therapeutic candidates. Experiments were repeated three times using three embryos from three different dams. *indicates statistical significance (P < 0.05).
